The synthesis and study of so-called "nanoparticles", particles with diameters in the range of 1-20 nm, has become a major interdisciplinary area of research over the past 10 years. Semiconductor nanoparticles promise to play a major role in several new technologies. The intense interest in this area derives from their unique chemical and electronic properties, which gives rise to their potential use in the fields of nonlinear optics, luminescence, electronics, catalysis, solar energy conversion, and optoelectronics, as well as other areas. The small dimensions of these particles result in different physical properties from those observed in the corresponding macrocrystalline, "bulk", material. As particle sizes become smaller, the ratio of surface atoms to those in the interior increase, leading to the surface properties playing an important role in the properties of the material. Semiconductor nanoparticles also exhibit a change in their electronic properties relative to that of the bulk material; as the size of the solid becomes smaller, the band gap becomes larger. This allows chemists and material scientists the unique opportunity to change the electronic and chemical properties of a material simply by controlling its particle size. Research has already led to the fabrication of a number of devices. This review aims to highlight recent advances in the synthesis of compound semiconductor nanoparticle materials and their potential use in areas such as catalysis and electronic device fabrication.
Introduction
Recently there has been substantial interest in the preparation and characterization of materials consisting of particles with dimensions in the order of a few nanometers so-called "nanocrystalline materials". [1] [2] [3] [4] [5] [6] [7] [8] The aim of this article is to overview and highlight recent work in this area. One factor driving current interest in nanoparticle research is the perceived need for the further miniaturization of both optical and electronic devices. 9, 10 There are practical constraints associated with current technologies; lithographic methods cannot at present be used with a resolution much less than ca. 200 nm. Most semiconducting materials, such as the II/VI or III/VI compound semiconductors, show quantum confinement behavior in the 1-20 nm size range, a smaller size than can be achieved using present lithographic methods. Herein we describe and discuss the current use of chemical methods to prepare semiconductor nanoparticle material.
The preparation of nanoparticles dates back to the 19th century, with Faraday reporting the preparation of colloids of relatively monodispersed gold nanoparticles. However, until recently most research has been concerned with relatively large particles (>100 nm) outside the size range at which interesting effects, on the intrinsic properties of semiconductor nanoparticles, are observed. Although some earlier examples appear in the literature, 11 Matijevic, among others, developed reproducible synthetic methods for a wide range of near monodispersed colloidal particles. 12, 13 In the past decade significant progress in the synthesis of semiconductor nanoparticle materials showing quantum size effects has been achieved.
Theoretical Considerations
Typically for the 1-20 nm size range semiconductor nanocrystallites show optical, electronic, and mechanical properties distinct from those of the corresponding bulk material.
Bulk Semiconductors. Macrocrystalline semiconductors, free of defects, consist of three-dimensional networks of ordered atoms. The translational periodicity of the crystal imposes a special form on the electronic wave functions. An electron in the periodic potential field of a crystal can be described using a Bloch type wave function (eq 1), where u(r) represents a Bloch function modulating the plane wave φ(kr) of wave vector k.
In a bulk semiconductor the large number of atoms leads to the generation of sets of molecular orbitals with very similar energies which effectively form a continuum. At 0 K the lower energy levels, or valence band, are filled with electrons, while the conduction band consisting of the higher energy levels is unoccupied. These two bands are separated by an energy gap (E g ), the magnitude of which is a characteristic property of the bulk macrocrystalline material (at a specific temperature). Materials normally considered as semiconductors typically exhibit band gaps in the range 0.3-3.8 eV (Table 1) .
At temperatures above 0 K, electrons in the valence band may receive enough thermal energy to be excited across the band gap into the conduction band. An excited electron in the conduction band together with the resulting hole in the valence band forms an "electron-hole pair". The conductivity (σ) of the semiconductor is governed by the number of electron-hole pairs, the charge carrier concentration (n, normally expressed in terms of the number of particles per cubic centimeter), and their mobility (µ). Thus conductivity can be expressed as the sum of the electrical conductivities of electrons and holes, eq 3 (q is the charge of the carrier). In conventional semiconductors electrons and holes are the charge carriers. They exist in small numbers as compared to conductors. However, the carrier mobilities in semiconductors are substantially larger than in many conductors.
The charge carriers in a semiconductor can form a bound state when they approach each other in space. This bound electron-hole pair, known as a Wannier exciton, is delocalized within the crystal lattice and experiences a screened Coulombic interaction. The Bohr radius of the bulk exciton is given by eq 4 ( represents the bulk optical dielectric coefficient, e the elementary charge, and m e * and m h * the effective mass of the electron and hole, respectively). Nanocrystalline Semiconductors. Two fundamental factors, both related to the size of the individual nanocrystal, distinguish their behavior from the corresponding macrocrystalline material. The first is the high dispersity (large surface/volume ratio) associated with the particles, with both the physical and chemical properties of the semiconductor being particularly sensitive to the surface structure. The second factor is the actual size of the particle, which can determine the electronic and physical properties of the material. The absorption and scattering of incident light in larger 
colloidal particles is described by Mie's theory. However the optical spectra of nanocrystalline compound semiconductors 1-8 which show blue shifts in their absorption edge as the size of the particle decreases cannot be explained by classical theory. [15] [16] [17] [18] Such size dependent optical properties are examples of the size quantization effect which occurs 15 when the size of the nanoparticle is smaller than the bulk-exciton Bohr radius, a B (eq 4), of the semiconductor. Equation 5 defines, for a spherical crystallite of radius R, the region of intermediate character between that of a "molecule" and that of the bulk material (l is the lattice spacing)
Charge carriers in semiconductor nanocrystallites are confined within three dimensions by the crystallite. In the case of ideal quantum confinement the wave function in eq 1 has to satisfy the boundary conditions of For nanoparticles the electron and hole are closer together than in the macrocrystalline material, and as such the Coulombic interaction between electron and hole cannot be neglected; they have higher kinetic energy than in the macrocrystalline material. On the basis of the effective mass approximation, Brus showed 2,16,17 for CdE (E ) S or Se) nanocrystallites that the size dependence on the energy of the first electronic transition of the exciton (or the band gap shift with respect to the typical bulk value) can be approximately calculated using Equation 7 is an analytical approximation for the first electronic transition of an exciton, which can be described by a hydrogenic Hamiltonian, In eq 7 the Coulomb term shifts the first excited electronic state to lower energy, R -1 , while the quantum localization terms shift the state to higher energy, R -2 . Consequently, the first excitonic transition (or band gap) increases in energy with decreasing particle diameter. This prediction has been confirmed experimentally for a wide range of semiconductor nanocrystallites, 1-8 with a blue shift in the onset of the absorption of light being observed with decreasing particle diameter. Moreover, the valence and conduction bands in nanocrystalline materials consist of discrete sets of electronic levels and can be viewed as a state of matter between that of molecular and the bulk material. Equation 7 does not account for a number of other important effects observed in real nanocrystallites, 18 such as the coupling of electronic states and effects attributable to surface structure. The constants used in the model (the effective masses and the dielectric constants) are those for macrocrystalline solids. The model is not quantitatively accurate with calculations deviating from experimental values, especially for very smaller nanocrystallites. In such particles the first electronic transition is located in a region of the energy band in which the normal effective mass approximation is not valid. Although eq 7 is not valid for all types of semiconductors, from a practical point of view this model is particularly useful and the size-dependent energy shift for a number of nanocrystalline semiconductors can be estimated. Furthermore, the model also provides a useful qualitative understanding of the quantum confinement effects observed in semiconductor nanocrystallites.
Other theoretical methods have been used to explain the size-dependent electronic properties of nanoparticle semiconductors. [19] [20] [21] [22] [23] [24] Descriptions of the different theoretical methods can be found in the published work of Brus, [16] [17] [18] Weller et al., 19, 20 Nosaka, 21 and Wang and Herron, 22 among others. These models provide reasonable estimates for the band gap shifts observed experimentally for nanoparticles (e.g. II/VI semiconductors), provided that the particles are not too small (typically >4 nm). The empirical pseudopotential method, described by Krishna and Friesner, 24 correlate well with experimental values over a wide range of particle sizes. Some properties which are not explained by the effective mass model, such as the dependence of optical properties of CdS nanoparticles on the crystal structure, can be understood by the Krishna-Friesner model. 24 A large number of studies have dealt with quantum size effects on the lowest excitonic transition. An understanding of the higher energy transitions has been addressed more recently. 25 Optical Properties. Quantum size effects have been observed experimentally for many nanocrystalline semiconductors. [1] [2] [3] [4] [5] [6] [7] [8] The optical absorption spectrum of a nanocrystalline semiconductor provides an accessible and straightforward method for the evaluation of quantum size effects. The absorption of a photon, leading to excitation of an electron from the valence band to the conduction band, is associated with the band gap energy (E g ). The absorption of photons with energy similar to that of the band gap, hν g E g , leads to an optical transition producing an electron in the conduction band of the semiconductor along with a hole in the valence band. Absorption of photons with energy much greater than E g leads to excitations above the conduction band edge; these electrons can lose the excess energy by radiation-less processes.
The absorption (A) of light by a semiconductor material with thickness l can be expressed by an expression analogous to the Beer law (eq 9), where R represents the absorption coefficient of the solid and is a function of the radiation frequency.
All electronic transitions are subject to selection rules; for semiconductors the requirements (besides hν g E g ) is that the wave vector, k, should be conserved. k photon is small when compared with the wave vectors of the electron before (k e ) and after excitation (k′ e ).
The absorption coefficient for a photon of a given energy is proportional to the probability (P if ), the density of states in the initial state (n i ), and the density of available final states (n f ). This process must be summed for all possible transitions between states separated by an energy difference equal to the energy of the incident photon Semiconductors in which there is conservation of the wave vector for optical transitions are referred to as direct band gap semiconductors ( Figure 1 ) and have large absorption coefficients. A useful expression relating the absorption coefficient and the photon energy of a direct transition near the threshold is 14 given by eq 13. Semiconductors where the lowest electronic transition, between the valence band and the conduction band, is formally forbidden are said to have an indirect band gap ( Figure 1 ) and normally have small absorption coefficients.
The "band gap" energy of a nanocrystalline semiconductor can be experimentally estimated from its optical spectrum and by using eq 13. Experimentally quantum size effects are observed as a shift toward higher energy values for the band edge (a blue shift), as compared to the typical value for the corresponding macrocrytalline material. Nanocrystalline samples often show a peak(s) in the optical spectra at room temperature. The oscillator strength (directly proportional to the absorption coefficient) increases as particle size decreases, due to strong overlapping of the wave functions of confined charge carriers. [1] [2] [3] [4] [5] [6] [7] [8] Such effects were clearly demonstrated in a study of CdS nanocrystallites with different and well-defined size distributions. 26 Decreasing the size of the CdS particles leads not only to a shift in the excitonic peak to higher energy but also to an increase in the molar absorption coefficient (Figure 2 ).
The absorption of electromagnetic radiation by nanocrystallite material is relatively straightforward; to understand, however, the luminescent behavior of such particles is more complicated, and the ideas that have emerged for explaining these phenomena illustrate an interesting interplay between experiment and theory. In a keynote paper, Brus explained, on the basis of theoretical and experimental studies, 27 the features expected in the luminescence spectra of quantum confined semiconductors and successfully anticipated the results of many subsequent experiments. However, the understanding of the photophysics of these systems is still far from complete, and further studies on highquality samples are needed. In particular studies on the photophysics of nanocrystalline samples possessing narrow size distributions have been scarce. 27 Luminescence studies on nanodispersed systems have focused mainly on CdS and CdSe. 27, 28 Cadmium selenide is of interest since light emission can range across the visible region simply by varying the mean diameter of the nanocrystals.
To develop an understanding of quantum dots, it is useful to develop an appreciation of the luminescence behavior of bulk CdS. Cadmium sulfide is typically sulfur deficient, with the sulfur vacancies possessing a high electron affinity, with acquired electrons making the material n-type in nature. Charge-hole pairs generated in CdS are well-separated, with the electrons being highly localized; this leads to excited states with long lifetimes, having little or no overlap between their wave functions. The electrons are located at different sites, spaced apart; therefore even a shallow trap at low temperature (e.g. 10 -2 eV) can localize an electron. Emission is a complex process, involving the capture of long-lived charge separated species by both shallow and deep traps followed by radiation-less processes, with the final emission from a deep trap leading to a broad red emission.
In early studies on quantum dot luminescence their behavior resembled that of the bulk material. 27 Brus and co-workers suggested that sulfur vacancies, located at the surface of the material, might be important in mediating low-energy emissions. There are several reasons for this, one of which is the considerable size of 48 . The excitonic transition shifts to higher energy values along with an increase in the molar absorption coefficient, as the particle size decrease. 26 such shallow traps. Moreover, as the size of these traps approaches that of the nanoparticle, the wave functions of the trap and excited state overlap. Transfer to these levels, in the form of a separate event, should subsequently be minimized, and the possibility of electronhole recombination, with emission close to the absorption peak of the bound exciton, can become the predominant event. Electronic states important in determining emission are illustrated in Figure 3 . The lifetimes of the various species are also considered important in explaining the observed spectra.
These suggestions have been confirmed by a number of experiments, which show the effects on the luminescence properties of nanodispersed II/VI materials to be dependent on surface derivatization. For the surface derivatization of nanoparticles, two main approaches have been outlined, the growth of a second phase on the surface of colloidally prepared material, 29 sometimes referred to as an activation step, with examples including the post-treatment of CdS with hydroxy groups to form Cd(OH) 2 , or the use of ligands such as thiolates ( Figure 4) . 30, 31 Surface derivatization has the effect of minimizing surface defects and may enhance the possibility of electron-hole recombination. The second approach centers around the derivatization of nanoparticulates with solvent molecules, e.g. when preparing nanoparticles from organometallic precursors, using trin-octylphophine oxide as the solvent, 32 which may subsequently be exchanged for alternative ligands such as pyridine.
Preparative Methods for the Synthesis of Nanoparticles
Many synthetic methods for the preparation of nanodispersed material have been reported; several routes involve colloidal chemistry, with others involving the kinetically controlled precipitation of nanocrystallites, using organometallic compounds. [1] [2] [3] [4] [5] [6] [7] [8] The use of clusters, as building blocks to nanocrystallites, will be dealt with in another section.
Ideally, the synthetic method employed should lead to samples of crystalline nanoparticulates of high purity, with a narrow size distribution, that are surface derivatized. Particles satisfying such criteria may be useful in the fabrication of semiconducting devices. Herein, we focus on synthetic methods for the preparation of compound semiconductor nanocrystallites. The syntheses of elemental nanoparticle semiconductors and metals such as Ag, 1, 33 Pd, 34 Au, 35 and Cu 36 have been the subject of a number of other reviews, but will be briefly mentioned. The preparation and properties of nanocrystalline refractory compounds, such as carbides, borides, nitrides, and oxides, have been reviewed by Andrievskii 37 and will not be considered any further in this article.
Arrested Precipitation in Solution. Controlled precipitation reactions can yield dilute suspensions of quasi monodispersed particles. This synthetic method sometimes involves the use of seeds of very small particles for the subsequent growth of larger ones. 38, 39 The first report correlating semiconductor particles size with optical properties was made in 1967 by Berry who studied both CdS and AgI particles. 11 Recently more extensive studies have been undertaken by Brus on CdS and ZnS, 40, 41 Henglein on silver, 1, 42 and Grä tzel on TiO 2 particles. 6, 43 Brus et al. 40 described a synthetic process for the preparation of CdS nanoparticles which involves the controlled nucleation of CdS on mixing of dilute aqueous solutions of CdSO 4 and (NH 4 ) 2 S. The stability of the initially small crystallites formed is influenced by the dynamic equilibrium illustrated in Small crystallites are less stable than larger ones and tend to dissolve into their respective ions. Subsequently, the dissolved ions can recrystallize on larger crystallites, which are thermodynamically more stable (Ostwald (CdS) crystal f rs (Cd 2+ ) solv + (S 2-) solv (14) ripening). The use of acetonitrile, as a solvent, or the addition of styrene/maleic anhydride copolymer allowed the preparation of stable CdS nanoparticles, with an average size of 34 and 43 Å, respectively. 40 Cubic ZnS and CdS nanocrystallites were synthesized in aqueous and methanolic solutions without organic surfactant (capping agent). 41 Henglein, Weller, and co-workers made significant insight into the photochemistry of CdS semiconductor nanocrystallites, 1,4,5 using CdS colloids prepared by controlled precipitation methods. 29, [44] [45] [46] [47] [48] To obtain highly monodispersed nanoparticles, postpreparative separation techniques such as size exclusion chromatography 46 and gel electrophoresis were employed. 47 Gel electrophoresis was found to be superior to other separation techniques. Similarly, Boxall and Kelsall [49] [50] [51] have published work on the electrophoresis of TiO 2 colloids.
Weller et al. synthesized nanocrystallites of Zn 3 P 2 and Cd 3 P 2 by the injection of phosphine (PH 3 ) into solutions containing metal salts; 44,52 control of particle size was achieved by varying the phosphine concentration and the temperature of the reaction. Samples of both Zn 3 P 2 and Cd 3 P 2 showed remarkable quantum size effects, as observed by changes in the color of the products. Bulk Cd 3 P 2 is black, whereas a solution containing small nanocrystallites (15 Å in diameter) of this material are colorless with an excitonic maximum in the optical spectrum at around 310 nm. Moreover, the color of Cd 3 P 2 changes from black, macrocrystalline (band gap of 0.53 eV) through brown (30 Å particle) red, orange, and yellow to white, (15 Å band gap ranging from 0.8 to 0.95 eV). Hexametaphosphate was used as a stabilizer to prevent particle aggregation. The sample fluoresced when excited at 300 nm. 52 The preparation of materials for infrared applications is currently an active area of research, with Cd 3 P 2 , PbS, and Ge being potential candidates for such purposes ( Table 1) .
The preparation of elemental nanoparticles of both silicon 53, 54 and germanium, 55, 56 is also of interest since both have indirect band gaps in the near-infrared region (Table 1) . Precipitation methods such as those used in the synthesis of II/VI semiconductors are not suitable for Ge or Si particle synthesis due to crystallization problems. Weller et al. 55 described the synthesis of germanium nanocrystallites by a wet-chemical method, which involved stirring GeCl 4 with lithium naphthalide in tetrahydrofuran, Germanium tetrachloride was added to a solution containing an excess of naphthalide; this led to the formation of germanium clusters. Laser illumination of hexane solutions containing these clusters enhanced growth and improved the crystallinity of the resulting particles. Germanium nanocrystallites (>200, 110, and 60 Å) have also been obtained by Alivisatos et al. 56 via an ultrasonic mediated reduction of chlorogermanes and organochlorogermanes with a sodium/potassium (NaK) alloy, in heptane. The crystallinity of the particles was improved by annealing, in a closed vessel at 270°C. Fojtik and Henglein 57 described the synthesis and luminescence properties of colloidal oxide-coated silicon particles, obtained from the combustion of silane. Recently a composite silica sol-gel incorporating luminescent Si nanoparticles has been reported. 58 The sol-gel monolith was prepared by hydrolysis of tetraethoxysilane in the presence of a range of amino acids, which confers stability to the Si nanoparticles and passivate their surfaces. 58 Surface modification of semiconductor nanocrystallites can lead to electro-or photoluminescent systems, which may have applications in light emitting devices. One possibility for the preparation of this type of material is the growth of a solid, A, on the surface of a second solid, B, with the latter acting as a seed for the heterogeneous nucleation of the former. Examples of the use of this method include TiO 2 /Cd 3 P 2 , 59 HgS/CdS, 60 PbS/CdS, 61, 62 CdS/HgS, 63 ZnS/CdSe, 64 ZnSe/CdSe, 65 and CdSe/ZnS. 66 However, there are constraints in the use of this technique, in relation to both the relative solubility of the solids as well as lattice mismatch between phases A and B. The preparation of structures termed "quantum dot quantum well systems" (A/B/A) such as CdS/HgS/CdS, 67, 68 has also been reported such as in the case of CdS/HgS/CdS consisting of a CdS core, a HgS quantum well of 1-3 monolayers, capped by 1-5 monolayers of CdS. The synthesis (eq 16) involves the growth of HgS on CdS (52 Å diameter) by ion replacement, which is achieved by adding aqueous solutions of Hg(ClO 4 ) 2 to solutions of CdS particles. Substitution of Cd 2+ for Hg 2+ ions is thermodynamically favored, since the solubility products of CdS and HgS are 5 × 10 -28 and 1.6 × 10 -52 , respectively. Also, there is a good match between the lattice constants for cubic CdS (5.818 Å) and cubic HgS (5.851 Å), eq 16. Finally the reprecipitation of displaced Cd 2+ ions, on the surface of CdS/ HgS particles, is achieved by the dropwise addition of a dilute solution containing H 2 S, with the final particle diameter being estimated at 77 ( 12 Å. The authors reported fluorescence measurements in which the band edge emission for CdS/HgS/CdS is shifted to lower energy values with increasing thickness of the HgS layer. 68 Other examples of the preparation of semiconductor nanocrystallites by solution methods can be found in the literature. [1] [2] [3] [4] [5] [6] [7] [8] Solution methods provide a cheap route to many nanoparticle materials. However, the low temperatures typically used in those methods mean that any defects formed in the early stages of the preparation are likely to be trapped and the crystallinity of the material will be low. Also several important semiconductors are not easily obtained using this preparative method, with some being air and/or moisture sensitive, e.g. GaAs and InSb.
Synthesis in a Structured Medium. A number of matrices have been used for the preparation of semiconductor nanoparticles including: zeolites, 69 layered solids, 70 molecular sieves, [71] [72] [73] micelles/microemulsions, [74] [75] [76] [77] [78] gels, [79] [80] [81] polymers, [82] [83] [84] [85] [86] and glasses. 87 These matrices can be viewed as nanochambers which limit the size to which crystallites can grow. The properties of the nanocrystallites are determined, not only by the confinements of the host material but also by the properties of the system, which include the internal/ external surface properties of the zeolite and the lability of micelles. As a consequence of the confinements of the
medium used, the range of particle sizes possible is limited; e.g. in zeolites the nanocrystallites diameter is limited by the pore size of the zeolite (typically smaller than 20 Å).
Wang and Herron 69 have studied the optical properties of both CdS and PbS clusters encapsulated in zeolites. The nanocrystallites were prepared in two different zeolites; modernite (unidirectional channels of 7 Å diameter) and zeolite Y (13 Å diameter channels with cages of tetrahedral symmetry interconnected by 8 Å windows and 5 Å cages interconnected by 3 Å windows). For the preparation of CdS in zeolite Y, the sodium cations in the zeolite were first ion-exchanged with cadmium cations, by treatment with aqueous Cd-(NO 3 ) 2 at pH 5. This was followed by passing hydrogen sulfide (H 2 S) gas over the sample. 69 Depending on the loading level of cadmium ions within the zeolite, different sizes of CdS clusters could be obtained. At low loading levels (1:1 metal/sulfide) CdS clusters with an average size less than 13 Å were obtained. These gave an absorption peak at around 280 nm in their optical spectra. When an excess of cadmium was used, the individual clusters aggregated into an extended structure, modulated by the internal cavities of the zeolite. These produced optical spectra showing an excitonic shoulder near 350 nm corresponding to CdS clusters of approximately 28 Å in diameter. The small dimensions reported in this work 69 are typical of nanoparticles obtained when zeolites are used as the host structure.
Stable, cubic-phase, PbS nanoparticles were prepared in a polymeric matrix by exchanging Pb 2+ ions in an ethylene-15% methacrilic acid copolymer followed by reaction with H 2 S. 82 The size of the PbS nanoparticles was dependent on the initial concentration of Pb 2+ ions and have diameters ranging from 13 to 125 Å. The smallest particles (13 Å) are reported to be molecular in nature and exhibit discrete absorption bands in their optical spectra. Two theoretical models, which take into account the effect of nonparabolicity, were proposed in order to explain the observed size-dependent optical shifts for PbS nanocrystallites. 82 The authors reported that the effective mass approximation fails for PbS nanocrystallites. However, Nosaka 21 showed that calculations using an effective mass approximation model could be improved on for PbS nanocrystals. Lead chalcogenides are unusual semiconductors in that their optical band gaps decrease as the temperature decreases. Due to their large bulk exciton radius, strong quantum size effects have been observed for particles larger than 10 nm in diameter. 82 Steigerwald et al. prepared capped CdSe, ZnS, ZnS/ CdSe, and CdSe/ZnS nanocrystallites from inverse micelar solutions. 64, 88 Silylchalcogenide reagents were added to microemulsions containing the appropriate metal ions. The particle surfaces were subsequently capped; for example with phenyl groups or with other semiconductor materials such as ZnS.
Silylorganochalcogenides react readily with metal salts or simple metal alkyls to form metal-chalcogenide bonds as in eqs 17-19. 89 Micelle stabilized CdSe nanocrystallites, with Cd 2+ rich surfaces, react similarly with R[(CH 3 ) 3 Si] 2 Se to give larger CdSe crystallites encapsulated by a layer of organic ligands (R). These surface passivated crystallites can be isolated as powders, which are soluble in organic solvents such as pyridine. 77 Se NMR spectra of three size distributions of organiccapped CdSe particles were reported, with each giving different spectra, 90 consisting of broad lines corresponding to bulk material along with additional peaks appearing at higher field and becoming more intense with decreasing particle size.
Several types of nanoparticles prepared from synthesis involving biological related processes, biomimetic, have been reported. [91] [92] [93] For example, using empty polypeptide cages found in the iron storage protein ferritin; bio-inorganic nanocomposites of CdS-ferritin can be synthesized ( Figure 5 ). 91 Another approach to nanocrystallite synthesis in a matrix was developed by Choi and Shea, 79, 80 who report using porous inorganicorganic xerogel (polysilsesquioxanes) to produce CdS (60 and 90 Å) 79 and chromium particles (10-100 Å). 80 The chromium precursor used was a zerovalent arene tricarbonyl chromium complex, introduced as a component of the xerogel matrix, which after heating under vacuum produced chromium nanoparticles. By first doping CdS into the starting material, two different phases of chromium and CdS are reported to be obtained. 80 Molecular Precursor Methods. A powerful method for the preparation of semiconductor nanocrystallites has been described by Murray, Norris, and Bawendi; 32 solutions of (CH 3 ) 2 Cd and tri-n-octylphosphine selenide (TOPSe) are injected into hot tri-n-octylphosphine oxide (TOPO) in the temperature range 120-300°C. This produced TOPO capped nanocrystallites of CdSe. 32 The size distribution of the particles is controlled mainly by the temperature at which the synthesis is undertaken, with larger particles being obtained at higher temperatures. The combination of tri-n-octylphosphine/tri-noctylphosphine oxide (TOP/TOPO) allowed for slow steady growth conditions above 280°C. The TOPO method has advantages over other synthetic methods, including, near monodispersity (σ = 5%) and scalegrams of material can be produced. The surface nature of CdSe/TOPO nanocrystallites has been studied by nuclear magnetic resonance spectroscopy 94 and X-ray photoelectron spectroscopy. 95 For these methods surface coverage, the percentage of surface sites bound to TOPO molecules, through a metal-oxygen dative bond, increases from 30% (d ≈ 60 Å) to 60% (d ≈ 18 Å) as the particle size decreases. Variations in surface coverage with particle size can be explained 95 by steric effects; interactions between surface bound bulky neighboring capping molecules (TOPO) predominates in larger particles; moreover, smaller particles can accommodate higher percentage levels of surface coverage, due to less steric hindrance. More detailed studies on the surface nature of passivated nanocrystalline are needed; in fact, it has been reported that the surfaces of nanocrystallites are faceted with preferred crystallographic directions of growth producing nonspherical particles, which in turn leads to the formation of particles with distinct physical properties. 8, 96 One of the limitations of the TOPO method is the use of hazardous compounds such as dimethylcadmium, (CH 3 ) 2 Cdsespecially at high temperatures. An approach for overcoming this problem involves the use of single molecule precursors, a single compound containing all elements required within the nanocrystallite, such as alkyldiseleno-or alkyldithiocarbamato complexes, Figure 6 . 97, 98 The fabrication of semiconductor nanocrystallites from single molecule precursors is a one step process, typically carried out at temperatures in the range 200-250°C. A similar approach in which nonair-sensitive lead(II) alkyldithio-or alkyldiselenocarbamates were thermally decomposed, under controlled conditions, led to the synthesis of cubic phase PbS 99 and PbSe 100 nanocrystallites, respectively.
The use of single source precursors in the deposition of thin film compound semiconductors by MOCVD techniques has been extensively studied. [101] [102] [103] [104] However, related compounds can be used to prepare compound semiconductor nanoparticles, such as oligomeric Cd(Se(C 2 H 5 )) 2 105 or metal dithiocarbamates 106 in 4-ethylpyridine. Another approach, which has been successfully investigated in our laboratories, is to replace (CH 3 ) 2 Cd with a more stable compound such as the amine adduct, Cd(CH 3 ) 2 ‚N(C 2 H 5 ) 3 . 107 The conventional TOPO method was recently used 108 by Alivisatos et al. in the synthesis of capped InP nanocrystals (20-50 Å in diameter). The reaction involved dissolving InCl 3 in hot TOPO followed by addition of P(Si(CH 3 ) 3 ) 3 , with annealing of the resulting InP nanocrystals, eq 20. The band gap for bulk InP is 1.28 eV, whereas the InP nanocrystallites produced exhibit values ranging from 1.7 to 2.4 eV. 108 The percentage coverage of the InP particles with TOPO was found 108 to range from 30 to 70%, depending on the size of the particles. Values for the band edge and deep trap emissions were reported to shift with the mean size of the nanocrystallites, with stronger emissions observed for smaller InP particles and when oxidation of the surface had occurred. For InAs, prepared by a similar TOPO method, using the dehalosilylation reaction between As[Si(CH 3 ) 3 ] 3 and InCl 3 , surface oxidation did not change the properties of the resulting particles. 109 III/V semiconductors exhibit less ionic character than their II/VI analogues and thus do not crystallize as readily. Kaner et al. 110 used solid-state metathesis involving the reaction of sodium pnictides with group III halides, at high temperature, in a closed vessel, to produce III/V nanoparticles. A relatively low-temperature method involving similar reactions in organic solvents has been reported for the preparation of GaP and GaAs nanoparticles, using gallium (III) halides and (Na/K) 3 E (E ) P, As). 111 This method avoids the use of hazardous phosphines or arsines. Nanocrystallites of InAs and InP were also synthesized 112 from the reaction of InX 3 (X ) Cl, Br, I) with As(SiMe 3 ) 3 or P(SiMe 3 ) 3 , respectively. Other analogous chemical routes to indium pnictides have also appeared in the literature. 112 GaAs nanocrystallites have been prepared by reacting GaCl 3 with As(SiMe 3 ) 3 in boiling quinoline; however, as yet unidentified species were found to mask the optical properties of the resulting particles, and hence quantum size effects could not be properly determined. 113, 114 The alcoholysis or thermolysis of silylated single molecule precursors is one of several processes used for nanoparticle synthesis of III/V and II/V semiconductor materials. Another preparative method for the syntheses of GaAs 115 and InP 116 is by the methanolysis of organometallic compounds such as [Cp*(Cl)In(µ-P(SiMe 3 ) 2 ] 2 . The chemical route, eq 21, led 117, 118 to bulk, amorphous, Cd 3 P 2 after rapid flocculation of Cd 3 P 2 nanoparticles. To control the kinetics, a single molecule precursor with bulkier substituents was used, Cd-[P(SiPh 3 ) 2 ] 2 (eq 22). 118, 119 The methanolysis gave soluble nanoparticles of Cd 3 P 2 with diameters ranging from 30 to 40 Å; however, the particles were not crystalline.
Other chemical routes to metal phosphides include phosphinolysis reactions and reactions between metalloorganics and P(SiMe 3 ) 3 ; all involve elimination and condensation processes. Buhro 118 reported the synthesis InP/(TOPO + S) (20) of several binary phosphide semiconductors along with ternary phases (e.g. ZnGeP 2 ), using solution-phase metallo-organic routes. Table 2 presents a representative, although not an exhaustive, summary of synthetic methods for several nanocrystalline semiconductors.
Processability
One of the major goals in research on nanocrystallites is to make use of their unique properties in novel electronic devices. The production of any such devices will require the assembly and manipulation of semiconductor nanoparticles without loss of their unique properties. Nanoscale processes can be achieved using lithographic methods and/or scanning probe microscopy. [150] [151] [152] A general chemical approach to the fabrication of nanostructured devices would be advantageous. To date the area is not well-developed, although there has been considerable progress in recent years. 7 One promising method for the assembly of nanocrystallitebased devices is the use of Langmuir-Blodgett (LB) films. 7, 153, 154 LB structures can be formed during the synthesis of inorganic nanocrystallites, and several examples have been reported. 7, 136, 137 Using an amphiphilic polymer, poly(maleic acid)octadecanol, and a cadmium or lead salt, ordered LB structures can be prepared and, when treated with H 2 S, result in CdS and PbS nanoparticle layers in an ordered organic matrix. 130 A similar approach 155 has been used in the preparation of films consisting of CdS nanostructures on a substrate. The substrate was obtained by the selective removal of a fatty acid matrix from LB films of cadmium arachidate, which were then exposed to H 2 S. Scanning tunneling microscopy images showed 155 that the films consist of closely interconnected CdS particles. With the resulting particle dimensions depended on the initial number of cadmium arachidate layers. It was suggested that a mechanism involving particle aggregation is responsible for film formation. Another report describes the synthesis of CdS using LB calyxarene and LB stearate, smaller particles (1.5 ( 0.3 nm) were obtained when LB calyxarene films were used, although in this case the particle size appears independent both of the type of calyxarene used or the number of LB layers involved. 156 Nanostructures can also be prepared by the assembly of preformed nanocrystallites, as in the formation of molecular deposition (MD) films via electrostatic attractions between opposite-charged species. 157 Figure 7 shows a schematic structure obtained by the assembly of anionic PbI 2 nanocrystallites using bipolar pyridinium salt as the cationic species. Self-assembled monolayers have been used to attach CdS nanocrystals to metal substrates via carboxylate or alkanedithiol molecules. 158 The assembly of nanodispersed CdS or CdSe into a nanocomposite containing molecular bridging ligands, such as pyrazine or 2,2′-bipyrimidine, between particles give near band edge luminescence for the original nanocrystallites as well as when in the final composite. 98 Most studies on surface modification of nanocrystals deal with effects associated with optical properties. Surface derivatization studies and their effects on other physical properties are needed. On the basis of electron diffraction studies, it was reported that, under ambient conditions, changes in the crystalline phase could occur in nanocrystalline ZnS. Moreover, depending on the coordinating molecules used to surface derivatize the particle (capping agent), a phase change within the particle can occur; thus, when C 6 F 5 SH is used to surface derivatize hexagonal ZnS nanoparticles, a transition to cubic phase can occur. 159 Other authors have used polymer molecules attached to the nanocrystallites surface to assemble nanoparticulates into larger structures. For example CdS 129 and GaAs 123 particles embedded in poly(vinyl)alcohol film were obtained using a gas-aerosol reactive electrostatic deposition technique. The nanoparticles were initially obtained by the reaction of metal ions in the aerosol droplets, containing the polymer, with H 2 S or arsine generated in situ. The semiconductor/polymer particles produced are driven under the electric field toward and subsequently deposited onto a substrate.
A sequential polymerization was used to prepare ZnS clusters of sizes up to 30 Å, 140 with the particle size depending mainly on the temperature and the strength of the polymer-particle interaction. Other molecular species such as Lewis bases can be used to bind to the surface of nanoparticulates, and by cross-linking a novel organic/inorganic structure can be obtained; this method has been used for ZnS 138 and CdS particles. 30, 160, 161 In favorable circumstances the synthesis and assembly of nanocrystallites can be achieved simultaneously; Kimizuka and Kunitake reported 162 the use of superlattices to produce organized nanostructures using different methodologies. Figure 8 depicts the synthesis/ assembly scheme for Cd 4 Br 12 S clusters in a bilayer ligand. 162 CdBr 3 -in the bilayer ligand is posttreated with H 2 S. This method is somewhat similar to that described by Wang and Herron for the preparation of CdS. 69 Novel three-dimensional ordered structures have been obtained by the selective crystallization of capped CdSe/ TOPO nanocrystallites dispersed in organic solvents. 163 These structures were characterized by diffraction techniques and high-resolution electron microscopy and shown to consist of quantum dot superlattices. The optical properties displayed by macroscopic assemblies of nanostructered material depend on both the properties of the individual nanocrystallites and the interactions existing between them. There are still problems in understanding how nanoparticulate physical properties develop when a macrocrystalline material is built up from these smaller units. The synthesis and characterization of clusters having structural similarities to larger nanocrystallites 164, 165 may allow for an improved 148, 149 the use of CdSe/TOPO nanocrystals in a thin film device, in which the wavelength of emission could be tuned by selection of nanocrystal size. Nanocrystallites of CdSe were surface derivatized with pyridine and then grown into a semiconducting thin film, using electrospray organometallic chemical vapor deposition. Luminescence of the CdSe particles was enhanced if a ZnSe layer was used to further cover the surface. The maximum luminescence yield at room temperature detected for coated CdSe/ZnSe 149 (Φ ≈ 0.4%) is lower than the yield for CdSe/TOPO (Φ ≈ 10%). 32 The authors suggest that the luminescence yield could be increased if epitaxial growth of defect free ZnSe particles could be achieved. 149 Metal-thiolate complexes are of interest since in the case of many compounds the structural framework is closely related to that of the corresponding metal sulfide semiconductor. 166 The synthesis and X-ray crystal structure of the cadmium sulfide cluster Cd 17 S 4 (SCH 2 CH 2 -OH) 26 have been reported 164 and can be described as a superlattice framework of two enlarged and interconnected (via covalent links) diamond lattices, Figure 9 . The core of each cluster may be regarded as cubic phase CdS, with the capping cages having a structure similar to that of the hexagonal phase. The Cd-S bond lengths in the core (2.45-2.61 Å) are in the same range as for bulk CdS (2.519 Å). Optical spectra of solutions containing these clusters display very strong and sharp absorption bands at 290 nm, which can be assigned to the first electronic transition within the cluster. In the crystalline solid the maximum is red shifted in the optical and luminescence spectra and is reported to reflect clustercluster interactions. 164 Studies on the conversion of the molecular clusters, (R 4 N + ) 4 [S 4 M 10 (SPh) 16 ] 4-(R ) Me, Et; M ) Cd, Zn), into bulk metal sulfide materials has been reported. 167 Using a method based on heating the precursor under vacuum (300°C), stable intermediate clusters of the type, M 10 S 16 Ph 12 , are obtained and can be isolated by extraction using pyridine. Further heating converts these intermediates into their respective metal sulfides.
Optoelectronic Applications. The large surface area of a nanocrystal and the surrounding medium, such as the capping agent, can have a profound effect on the properties of the particle. Defects within the particle act as electron/hole traps which can lead to nonlinear optic effects. 22 New nonlinear composite materials can be prepared by either doping polymers or glasses with semiconductor nanocrystallites. 138 Herron et al. 168 prepared polymer matrix composites containing PbS and CdS nanocrystallites and showed the optical nonlinearity of material containing 50 Å sized CdS nanocrystals to be -6.1 × 10 -7 cm 2 W -1 at 480 nm.
Langmuir-Blodgett monolayers of CdE (E ) S, Se)/ TOPO-capped nanocrystallites have been reported. 169 Alivisatos et al. 170 used this type of particle (30-50 Å) and semiconducting p-paraphenylene vinylene (PPV) to prepare films and hence fabricate a hybrid organic/ inorganic electroluminescence device. The color of the Cd(OH)2/CdS arrested precipitation using aqueous (NaPO3)6 as stabilizer, then an activation step using NaOH.
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CdS/SiO2 hydrolysis of tetraethyl orthosilicate + coprecipitation of CdS within water-in-oil-microemulsions Figure 7 . Proposed structure for multilayer alternating PbI2 films prepared using a molecular deposition method. 157 emission varied from red to yellow by changing the size of the nanocrystals. More recently, devices fabricated from single nanocrystals have been proposed such as a single-electron transistor based on CdSe nanocrystals, deposited on a SiO 2 /Si substrate using alkanethiols as circuit wires, Figure 10 . 171 A design for a solid-state laser, based on the luminescence properties of metal chalcogenide quantum dots (CdSe, CdTe, ZnSe, ZnTe), in a host material such as poly(methyl methacrylate) has been described; 172 the wavelength of the emitted light is determined by the size of the nanocrystallites chosen. The electrochemical fabrication of cadmium chalcogenide microdiode arrays was reported 173 and featured a template of microcylinders in which was grown crystallites of CdSe and CdTe ranging from 200 to 300 nm in size.
Although bulk silicon has an indirect band gap, it has been shown that luminescence can occur in silicon nanocrystallites; this opens up a wide range of possible applications for the use of silicon nanocrystallites. 53, 54, 174 Brus highlighted the idea that, if it is possible to prepare silicon with useful luminescence and optical gain properties, communication devices might be grown directly on a silicon chip. 174 Bulk ZnS is an important phosphor and exhibits electroluminescent behavior, especially when doped with Mn 2+ . It is widely used in the electronic industry, for example in electronic displays (orange emission, λ ≈ 585 nm). The synthesis of ZnS nanoparticles containing spatially localized Mn 2+ in an aqueous medium has been described by Murphy et al., 175 who reports the photophysical properties of both doped ZnS:Mn (interstitial Mn 2+ ) and activated ZnS:Mn (surface Mn 2+ ) particles. The former showed both orange and blue emissions, corresponding to emissions observed in bulk ZnS, which do not depend on doping levels. Activated ZnS:Mn nanocrystallites exhibit mainly band edge luminescence (ca. 350 nm), although the reported emission lifetimes are shorter than that of the bulk material. This work suggests that the fabrication of luminescent ZnS:Mn devices, with distinct optical properties, can be achieved using ZnS nanocrystallites possessing spatially localized Mn 2+ . 175 Recently Bawendi et al. suggested that conventional methods used to manganese-dope CdSe nanoparticles do not result in the successful incorporation of manganese into the nanoparticle, with the manganese more likely to end up either trapped in the matrix containing the sample, bound to the capping agent on the surface, adsorbed directly on the surface of the particles, or doped randomly within the inorganic lattice. They report successfully manganese doping CdSe nanoparticles using the specifically designed single source manganese/selenium-containing organometallic complex Mn 2 (µ-SeMe) 2 (CO) 8 , which upon synthesis gave various size particles of Cd 1-x Mn x Se. 176 Catalysis and Chemical Sensors. The large surface area-to-volume ratio, along with the ability to tune the band gap, by choice of particle size, means that nanodispersed semiconductors can be used as sensitizers and catalysts in photochemical reactions. 6, 177, 178 The redox levels of the conduction and valence bands are especially sensitive to size quantization effects; with charge carriers formed after light absorption migrating to the surface of the particles where they can reduce or oxidize surface-bound chemical species. A number of studies on this type of chemistry have been reported, including the use of ZnS nanoparticles for the oxidation of alcohols and the reduction of CO 2 to formic acid. 177 Hydrogen can be produced by illuminating aqueous colloids of PbSe (50 Å) or HgSe (50 Å) particles, a reaction not observed when bulk PbSe is used. 143 Similarly, CO 2 reduction to formic acid, from CO 2 -saturated aqueous solutions occurred in the presence of CdSe (50 Å), whereas no reaction is observed if larger particles are used. 143 Enhancements in photoredox chemistry result because quantum confinement on the semiconductor particles creates energy levels which can accommodate electrons from chemical species, which in turn have enhanced reduction potentials. 6, 143 Polyurea (PUA) films containing CdS or ZnS nanocrystals in 10% propan-2-ol aqueous solutions generate hydrogen when photoirradiated. 179 The ZnS-PUA composite showed photocatalytic activity greater than that of the analogous CdS-PUA; this has been rationalized on the basis of the increased reducing ability of the conduction band electrons in ZnS compared to that of CdS. 179 Metal oxides and metal sulfide particles have also been used as catalysis in the photoinitiated polymerization of both vinylic monomers, using CdS, 132 and the polymerization of methyl methacrylate, using ZnO. 180 There has been great interest in the use of TiO 2 nanoparticles as sensors, for the detection of O 2 , NO 2 , and organic molecules. The selectivity of the sensor depends on the method used to produce TiO 2 nanoparticles, with the efficiency of the chemical sensor increasing as particle size decreases. 181, 182 Chemical routes to nanocrystalline metal oxides have previously been reviewed. 37 The pyrolysis of volatile compounds, the flame hydrolysis process, or reaction of metal clusters under an oxygen atmosphere are well-established methods used to produce superfine powders for ceramic applications. 183, 184 Energy Conversion and Storage. Grä tzel and coworkers reported the construction of a novel solar cell 185, 186 device, based on the sensitization of highly porous nanocrystalline TiO 2 with organic dyes. Nanocrystallites were also used as an alternative to the dyes. 5 The sensitization of nanoporous wide-band gap semiconductors such as TiO 2 , ZnO, SnO 2 , Nb 2 O 5 , and Ta 2 O 5 by narrower band gap semiconductors (e.g. nanocrystalline CdS) has been studied. 187 The energy levels of the substrates can be varied by using different metal oxides. 187 
Conclusions
Although a wide range of synthetic methods are now available for quantum dots of semiconductors, it seems clear that there is still a major problem associated with the reproducible preparation of robust materials of the kind that will be needed for technological applications.
The three generic methods all have advantages, considering each in turn. Colloidal methods use low temperatures and could be compatible with coatings onto plastics and other soft substrates. In general terms the crystallinity of many materials prepared by modifications of aqueous synthesis is somewhat suspect. However, for certain materials, soft ones, this approach may be advantageous. The recent synthesis of the semimetal HgTe as a semiconductor at sizes of the order of nanometers may be an important example. 188 This material and other "soft" ones may be better synthesized by low-temperature routes. Colloidal methods, although the first way in which nanodispersed materials were prepared, still have problems with reproducibility and instability. Reactions in confined spaces as provided by micelles or biological materials may be an interesting extension of this method.
An extension of the colloid area is the preparation of very large clusters, as initially pioneered by Dance 166 and further developed by Weller. 164 This approach overcomes the crystallinity problem inherent in classical colloid approaches by the formation of well-defined species such as [Cd 10 S 4 (SPh) 16 ] 4-. However, the ultimate limits of this approach are yet to be defined. Work on larger clusters of this type really does start to question when does a solution of a compound become a sol derived from a colloid.
The use of higher temperature methods, typically using processing temperatures of the order of 200-300°C
, may have intrinsic advantages and certainly at these temperatures good samples of CdSe are readily prepared by routes based on thermolysis in TOPO or related solvents. Several groups have been involved in developing such chemistry, it is interesting to note that Alivisatos 95 prepared better quality CdSe when the temperature of injection was raised to 350°C in contrast to the lower temperatures originally used by Murray and Bawendi. 32 In a sense, in this area, what has emerged is an organometallic and metal-organic approach to colloid synthesis. These routes are another example of a top-down approach to nanotechnology, producing well-defined materials often with astonishingly few defects in an organic matrix. For semiconductor materials the majority of simple prototypic devices have been made from material prepared by these methods. Nanoparticle materials can be made more robust by making core-shell structures, especially those in which a high band gap material confines a lower band gap one. 189, 190 These methods also produce materials that can readily be blended with polymers.
The interplay between polymer chemistry and quantum dot synthesis will undoubtedly become more important. In a special example of confined reaction space synthesis, Cole-Hamilton and co-workers have developed functionalized polymers for the synthesis of CdSe. 191 Chemical synthetic methods for the assembly of nanocrystals into composites, such as the recent report by Bawendi et al., on II-VI semiconductor quantum dotpolymer composite materials, 192 represent an important step toward the fabrication of new functional devices.
It remains true today as in 1991 22 that there are no general methods for the synthesis of defined robust materials. Chemical synthetic techniques provide wellestablished methods for the preparation of semiconductor nanocrystallites. The unique properties of these materials, especially the possibilities for band gap tailoring and tuned luminescence, may lead to their potential use in many future technologies.
